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SUMMARY
Mevalonate kinase serine/threonine residues have been implicated in substrate binding and inherited metabolic disease. Alignment of >20 mevalonate kinase sequences indicates that S145, S146, S201, and T243 are the only invariant residues with alcohol side chains. These residues have been individually mutated to alanine. Structural integrity of the mutants has been demonstrated by binding studies using fluorescent and spinlabeled ATP analogs. Kinetic characterization of the mutants indicates only modest changes in K m ATP . K m for mevalonate increases by ≈ 20-fold for S146A, ≈40-fold for T243A, and by 100-fold for S201A. V max changes for S145A, S201A, and T243A are ≤ 3-fold. Thus, the 65-fold activity decrease associated with the inherited human T243I mutation seems attributable to the nonconservative substitution rather than any critical catalytic function. V max for S146A is diminished by 4000-fold. In terms of V/K MVA , this substitution produces a 10 5 -fold effect, suggesting an active site location and catalytic role for S146. The large k cat effect suggests that S146 productively orients ATP during catalysis. K D Mg-ATP increases by almost 40-fold for S146A, indicating a specific role for S146 in liganding Mg 2+ -ATP. Instead of mapping within a proposed C-terminal ATP binding motif, S146 is situated in a centrally located motif which characterizes the GHMP kinase protein family. These observations represent the first experimental evidence that validates this region as part of the active site in these related phosphotransferases.
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For phosphotransferase enzymes, there are numerous examples of serines or threonines which map to the active site and where the alcohol groups of the side chains support catalysis. We aligned and examined the available (>20) mevalonate kinase sequences and noted that only four residues which contain such side chains are invariant. Of these four residues, two map in one of two glycine-rich sequences proposed to be ATP-binding motifs. Additionally, the mapping of human diseases to the gene which encodes mevalonate kinase has been a prelude to identification of several missense mutations which have been implicated as the molecular basis for the metabolic defects. An invariant threonine residue (T243) falls into this category (10) . On the basis of these observations, we launched an investigation of the functional significance of mevalonate kinase's invariant serine/threonine residues. The results of this study not only contribute to the mapping of the active site but also refine and expand the hypotheses that account for mevalonate kinase function and are likely to be relevant to other members of the GHMP kinase family. Adenosine 5'-triphosphate, β-NADH, DTT, PEP, DL-mevalonic acid lactone, low molecular weight protein SDS-PAGE markers, and any other reagents were purchased from Sigma, unless otherwise specified.
Methods
Site Directed Mutagenesis. A polymerase chain reaction (PCR) overlap extension method (12) was used to generate the desired mutations using the following primers: S145A, 5'-GGGCTTGGGCGCCAGCGCCGC-3' and 5'-GCGGCGCTGGCGCCCAAGCCCC-3'; S146A, 5'-CTTGGGCTCCGCCGCCGCCTAC-3' and 5'-GTAGGCGGCGGCGGAGCCCAAG-3'; S201A, 5'-CGGGAACCCCGCCGGAGTG G -3'
and 5'-CCACTCCGGCGGGGTTCCCG-3'; T243A, 5'-CCCTCGCAATGCCAGGGCCC-3'
and 5'-GGGCCCTGGCATTGCGAGGG-3'. The DNA fragment containing the desired mutation of the human MK gene was excised from the PCR amplified plasmid (HMK/pET-3d) with the restriction enzymes, Sma I and Bgl I, which cut at unique sites in this plasmid. The 6 mutagenic fragment was isolated on an agarose gel and ligated into Sma I / Bgl I digested expression plasmid that contained the remainder of the MK encoding sequence. The presence of the desired mutation and the absence of any artifactual changes in coding sequence were confirmed by automated DNA sequencing. The resulting plasmid was transformed into BL21(DE3) and mevalonate kinase was overexpressed as described by
Potter and Miziorko (7). Depending on the mutant protein, mevalonate concentrations ranged from 12 µM to 24 mM.
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All reported kinetic parameters derive from nonlinear regression fits of the data using Table   Curve ATP values for wild-type, S145A, and S146A enzymes were measured by competitive displacement experiments (6, 7) using the same 100 mM KCl-containing buffer specified above; calculations utilize the K D ATP-(SAP value determined under these conditions.
RESULTS
Mutagenic substitution of alcohol side chains. Phosphotransferases typically use two
amino acid side chains to bind cation of the M 2+ -ATP substrate. These are usually two acidic residues or one acidic and one serine/threonine (17) . All invariant acidic residues in mevalonate kinase have been functionally evaluated by mutagenesis and kinetic characterization approaches (7); only one good candidate, namely E193, emerged for assignment as cation ligand. Thus, it seemed likely that an alcohol functions as the second ligand to cation. Another potential active site role for alcohol functionalities in phosphotransferase reactions involves H-bonding to oxygens of the phosphoryl chain of ATP substrate (18, 19, 20) . Elimination of the side chain in such enzymes can produce a k cat effect (21, 22) even larger than typically generated upon elimination of a cation ligand.
Alignment of available deduced sequences for eukaryotic and prokaryotic mevalonate kinases indicates only four invariant residues (S145, S146, S201, T243) with alcohol groups in their side chains ( Fig. 1 ). On the basis of the high probability that at least one of these residues is situated within the active site, a direct test of the functional importance of these amino acids seemed likely to substantially augment an active site map. To support this objective, overlap extension PCR was used to replace each of these residues with alanine. Expression of the mutant-encoding plasmids produced stable proteins which were purified to a high degree of homogeneity; the observed yields (≈70%) were comparable to results for wild-type enzyme. The purified mutants exhibit a single major band on SDS-PAGE, migrating similarly to the 42 kDa wild-type protein subunit. The mutant proteins, like wild-type enzyme, exhibited good stability during the physical and Attempts to fit the data to hyperbolic curves and obtain dissociation constants did not produce satisfactory results, suggesting that the binary complex exhibits nonequilibrium binding of the probe. Consequently, the low occupancy and plateau regions were independently fit to straight lines and binding stoichiometries determined from the probe/enzyme site ratio at the intersection points (13, 14, 15) . Minimal differences were observed in the TNP-ATP binding stoichiometries for the various mutants (n WT = 0.64; n S145A =0.67; n S146A =0.48; n S201A =0.66; n T243A =0.76). These observations suggest that the mutants' ATP sites are comparable to that of wild-type enzyme, i.e. their active sites retain substantial structural integrity.
Additional characterization employed the spin-labeled ATP analog, ATP(SAP (11), for formation of binary complexes. Experiments were performed analogously to earlier work which demonstrated equilibrium binding of the spin-labeled probe to wild-type enzyme (6, 7) , except that 100 mM KCl was included in the sample buffer to minimize non-specific binding. Using this probe, which contains a reporter group attached to the nucleotide's (-phosphoryl, binding is determined by measuring diminution of the amplitude of the signal attributable to unbound spin-label. The data are amenable to Scatchard analyses (Fig. 4 from the estimate for wild-type enzyme. These results reinforce the conclusion that active site structure is largely unperturbed by replacement of the respective alcohol-containing residues with alanine. Thus, any substantial differences in catalytic efficiency that these mutant enzymes may exhibit can be interpreted without the concern that a structural perturbation accounts for the observations.
Kinetic Characterization of Mevalonate Kinase Mutants. Regardless of whether alanine
is substituted for S145, S146, S201, or T243, there is only a modest impact (<7-fold) on the apparent K m for ATP (Table II) . In contrast, replacement of the alcohol-containing side chains has a more obvious effect on the apparent K m values for mevalonate; increases of 12 respectively. Since the S201A substitution has no major impact (<2-fold) on turnover rate, the 100-fold inflation of K m MVA for S201A is probably not dominated by changes in catalytic terms but could, instead, reflect a significant diminution in binding efficiency. However, in the absence of equilibrium binding constant information for wild-type and S201A proteins, such an interpretation of the inflated K m MVA for S201A remains provisional. As in the case of S201A, there are only minor (<3-fold) changes in V max for S145A and T243A. In the case of the latter mutant, no catalytic parameter changes by > 20-fold and the largest effects are on K m values. These differences would be minimized under the high substrate concentrations normally employed in standard assays. This suggests that the marked depression in activity measured for the human T243I mutation (10) does not reflect any intrinsic importance of T243 to catalytic efficiency, but rather the nonconservative nature of the amino acid substitution resulting from the inherited human mutation.
In view of other parameter changes that are smaller than 2 orders of magnitude, the >4000-fold diminution in V max observed for S146A seems noteworthy. In terms of V/K MVA , this substitution produces an effect of almost 10 5 -fold, approaching the impact reported for elimination of the putative general base catalyst D204 (7 
DISCUSSION
The detection of human gene mutations that correlate with disease has occasionally led to identification of important enzyme residues. In the case of human mevalonate kinase, the nonconservative replacement of polar T243 by hydrophobic isoleucine has been documented (10). The issue concerning whether T243 influences catalytic efficiency is resolved by our characterization of T243A, which does not represent as drastic a steric or polarity perturbation. The measured 2-fold diminution in V max indicates that the intrinsic contribution of T243 to catalytic efficiency is minimal. In contrast, the T243A mutant exhibits a significant (≈20-fold) inflation in the apparent K m MVA , which may suggest a modest effect on mevalonic acid binding.
While T243 does not map in any sequence region previously implicated in catalysis or proposed as a consensus metabolite binding motif, the other residues investigated in this study are situated in regions that invite speculation concerning their mechanistic significance. For example, S201 maps within a twelve amino acid stretch ( Fig. 1 ) that harbors four invariant residues, including two (E193 and D204) previously documented (6, 7) to influence catalysis. Since the S201A substitution has little impact on V max , no large change in catalytic terms that contribute to K m MVA is expected. The two orders of magnitude inflation in that parameter for S201A tempts speculation that S201 is involved in Residues 142-147 in human mevalonate kinase are highly conserved. Five invariant amino acids, including S145 and S146, map within this six residue sequence. This glycine-rich, serine-containing motif appears (Fig. 5) throughout the GHMP kinase family of phosphotransferases. Moreover, isopentenyl monophosphate kinase also exhibits this motif (23) . The early proposal (9) that this sequence is associated with ATP binding has not, prior to this report, been supported by experimental data. In fact, some confusion has been generated by the proposal (8) Assignment of S146 to the active site represents a substantial advance in defining by guest on http://www.jbc.org/ Downloaded from mevalonate kinase's catalytic cavity, to which only K13, E193, and D204 had previously been mapped (6, 7) . While this contribution is important, any demonstration that a conservative substitution has a large impact on catalysis with little negative impact on the structural integrity of the active site generates a new challenge. This involves formulation of a credible functional assignment that reconciles the available experimental data and adds insight to our understanding of how, in this particular case, the S146 hydroxyl contributes to the catalytic process. For phosphotransferases, there is ample precedent to suggest that protein provides two ligands to cation of the M 2+ -ATP substrate (17) . In the case of mevalonate kinase, our previous evaluation of acidic residues identified as invariant on the basis of a six sequence alignment implicated two residues, E193 and D204, as active site residues. These residues remain invariant upon inspection of an alignment of >20 sequences currently available. As indicated in the active site schematic depicted in The results and analysis presented above implicate S146 as a cation ligand and the observed inflation of K D Mg-ATP for S146A validates such an assignment. However, the magnitude of the V max effect (4000-fold) seems larger than might be expected for elimination of the liganding function. Thus, other functions for S146 should be considered. In a variety of phosphotransferases, active site alcohol side chains interact with nucleotide substrate or product as hydrogen bond donors. Elimination of these side chains has an impact on catalytic efficiency that is typically larger than observed upon elimination of a cation ligand. For example, when 6-phosphofructo 2-kinase is mutated to eliminate the carboxyl group that ligands to cation of the M 2+ -ATP substrate, V max decreases by <10 2 -fold (an effect comparable to change we reported upon mutation of mevalonate kinase's E193). In contrast, mutagenesis of that enzyme to eliminate the alcohol side chain of the threonine that hydrogen bonds to ATP's β-phosphoryl results in a >10 3 -fold decrease in V max (21) . Similarly, when an active site serine alcohol is eliminated from galactose 1-phosphate uridylyltransferase, V max drops by 7000-fold (27) . This alcohol is proposed to hydrogen bond to the nonbridging oxygen on the β-phosphoryl of substrate UDP-glucose. In both examples, elimination of alcohols that hydrogen bond to substrate phosphoryl groups produces V max effects comparable to that measured for the mevalonate kinase S146A mutation. On the basis of such precedent, it seems reasonable to propose that S146 functions not only as a cation ligand but also as a hydrogen bond donor to a phosphoryl oxygen of the bound substrate/product nucleotide (Fig.   6 ). KIME_HUMAN  PPGAGLGSSAA  Q03426  KIME_RAT  PPGAGLGSSAA  P17256  KIME_ARATH  PYGSGLGSSAA  P46086  KIME_YEAST  PIGAGLGSSAS  P07277  KIME_SCHPO  PLGAGLGSSAT  Q09780  KIME_METTH  PAGSGLGSSAA  Q50559  KIME_BORRBU  PIGVGLGSSAS  O51631  KIME_METJA  PISCGLGSSAS  Q58487   GALACTOKINASES   GAL1_BACSU  PNGAGLSSSAS  P39574  GAL1_HAEIN  PLSSGLSSSAA  P31767  GAL1_ECOLI  PQGAGLSSSAS  P06976  GAL1_SALTY  PQGAGLSSSAS  P22713  GAL1_HUMAN  PLGGGLSSSAS  P51570  GAL1_CANAL  PTGGGLSSSAA  P56091  GAL1_YEAST  PTGSGLSSSAA  P04385  GAL2_HUMAN  PPSSGLSSSSA  Q01415   HOMOSERINE KINASES   KHSE_ECOLI  PIGSGLGSSAC  P00547  KHSE_HAEIN  PIGSGLGSSAC  P44504  KHSE_METJA  KAGSGLGSSAA  Q58504  KHSE_BACSU  PLARGLGSSAA  P04948  KHSE_STRPN  PLARGLGSSSS  P72535  KHSE_SYNY3  PLARGLGSSAT  P73646  KHSE_CANAL  PLGRGLGSSAS  Q92209  KHSE_YEAST 
